Introduction
The early development of mammalian ovarian follicles is a poorly understood process. Although FSH and LH are essential for follicular development from the secondary stage onwards, they are not thought to regulate the onset of growth of primordial follicles. This is supported by the fact that hypogonadal mice, which are deficient in hypothalamic gonadotrophin-releasing hormone (GnRH) and have no detectable levels of gonadotrophins, nevertheless have a pool of small growing follicles (Halpin et al., 1986) . Similarly, women carrying an inactive form of FSH receptor and who, therefore, practically lack FSH bioactivity, produce follicles which can occasionally reach the secondary stage (Aittomäki et al., 1996) . Recent studies, however, have indicated that FSH might have effects on the development of early stage follicles (Oktay et al., 1997; Wright et al., 1999) .
Factors initiating the transition of quiescent primordial follicles to the pool of growing follicles are still unknown. Studies on animals have indicated that several locally produced growth factors are involved in the multifactorial regulation of the growth of primary and secondary follicles. For example, female growth differentiation factor-9 (GDF-9)-deficient mice are infertile as a result of a block of folliculogenesis at the primary follicle stage (Dong et al., 1996) . In addition, stem cell factor (SCF) increases the proportion of developing rat 694 © European Society of Human Reproduction and Embryology follicles in vitro (Parrot and Skinner, 1999) . Blocking the SCF receptor disturbs the onset of mouse primordial follicle development, primary follicle growth and development of later stage follicles (Yoshida et al., 1997) . Activin may also be involved in the paracrine or autocrine regulation of early mammalian folliculogenesis. Activin promotes preantral growth of mouse follicles and stimulates rat granulosa cell proliferation. It also induces reaggregation of isolated oocytes and granulosa cells into follicle-like structures (Li et al., 1995 (Li et al., , 1998 .
There is an increasing body of evidence indicating that insulin-like growth factors I and II (IGF-I and IGF-II) regulate mammalian early follicular development. Female IGF-I knockout mice are infertile because follicles do not develop beyond the secondary stage and they fail to ovulate even after administration of exogenous gonadotrophins (Baker et al., 1996) . IGF gene expression appears to be regulated differently in rodents and humans. In mice and rats, IGF-I gene expression is confined to the granulosa cells of small growing follicles (Zhou et al., 1991; Adashi et al., 1997) . In humans, IGF-II mRNA and protein have been localized to theca cells of small antral follicles and granulosa cells of dominant follicles, whereas IGF-I gene expression is confined to the theca cells (El Roeiy et al., 1993; Voutilainen et al., 1996) .
Recent studies with human ovarian cortical biopsies have indicated that human primordial and primary follicles may sustain their viability for several weeks in vitro and that initiation of follicular growth is possible (Hovatta et al., 1997; Wright et al., 1999) . In work on animals it has been shown that viable mice can be produced from oocytes matured in vitro from primordial stage follicles (Eppig and O'Brien, 1996) . Mouse oocytes from mechanically isolated early stage follicles are meiotically competent and fertilizable (Cortvrindt et al., 1996) . For human follicles, an ovarian cortical culture system which maintains normal intercellular contacts between follicular and stromal cells, appears to be better than isolation, as isolated follicles can be cultured for short periods only (Roy and Treacy, 1993; Hovatta et al., 1999) . Partial isolation also promotes atresia . The objective of this study was to investigate the effects of insulin, IGF-I and IGF-II on the early development of human ovarian follicles in organ cultures of ovarian cortical tissue.
Materials and methods

Subjects
Ovarian cortical tissue was obtained during gynaecological operations by biopsy or from total oophorectomy specimens. In all, 52 women aged 20-37 years (mean 31 years), donated tissue after informed consent. The study was accepted by the Ethics Committees of the Family Federation of Finland and the Department of Obstetrics and Gynaecology, Helsinki University Central Hospital, Finland.
Tissue culture
Ovarian tissue was cut into slices of 0.5-2 mm, using a scalpel. The slices were transferred to Millicell CM inserts (6 mm diameter, 1.0 µm pore size; Becton Dickinson Labware, Bedford, MA, USA), one to three slices in each well. The inserts were pre-coated with 150 µl extracellular matrix (Matrigel, Becton Dickinson Labware) consisting of laminin, collagen IV and proteoglycans as major components, and placed into 24-well plates (Becton Dickinson Labware).
The culture medium consisted of Earle's balanced salt solution (Gibco, Life Technologies Ltd, Paisley, Scotland, UK) supplemented with 5% inactivated human serum (Finnish Red Cross), 0.47 mmol/l sodium pyruvate (Sigma, St Louis, MO, USA), 0.5 IU/ml recombinant human FSH (Puregon; Organon, Cambridge, UK) and antibiotics: penicillin G (50 IU/ml), streptomycin sulphate (50 µg/ml) and amphotericin B (0.125 µg/ml) (HyClone Laboratories Inc, Utah, USA). Insulin (33 ng/ml; Sigma), IGF-I (20 or 50 ng/ml) or IGF-II (20 ng/ml; R&D Systems Europe Ltd, Abingdon, UK) or insulin and IGF-I/IGF-II (33 and 20 ng/ml respectively) were added to the medium. All the experiments were repeated 5-15 times. Pieces of control tissue were cultured in the absence of these hormones. The medium was changed every second day. The tissue was cultured in a humidified incubator in 5% CO 2 in air at 37°C.
On day 0, and on day 7 or 14 of culture, pieces of ovarian tissue were fixed in Bouin's solution or in Histochoice solution (Histochoice tissue fixative; Amresco, Solon, Ohio, USA) for histology. The tissue was embedded in paraffin wax, cut into 4 µm (Bouin-fixed) or 7 µm (Histochoice-fixed) sections and stained with haematoxylin and eosin. Sections (8-10) from each tissue slice were analysed, and the primordial, primary, secondary and tertiary follicles were classified as described previously (Gougeon, 1996) . Eosinophilia of the ooplasm, contraction and clumping of the cromatin, wrinkling of the nuclear 695 Figure 1 . The proportion of atretic follicles in ovarian cortical tissue at the time of biopsy (start) and after culture in the presence and absence (control) of insulin (33 ng/ml). The asterisk marks significant reduction in the proportion of atretic follicles with insulin treatment (*P Ͻ 0.001). Results were obtained from between seven and 15 independent experiments using a total of 392 follicles from seven patients. membrane of the oocyte and pyknotic granulosa cells were regarded as signs of atresia (Gougeon, 1996) .
Immunohistochemistry
Some pieces of ovarian cortex fixed for normal histology were cut into sections of 4 µm (Bouin-fixed) or 7 µm (Histochoice-fixed) and placed on Histogrip (Zymed Laboratories Inc, San Francisco, CA, USA) coated slides for immunolocalization of proliferating cell nuclear antigen (PCNA). Sections were placed in an oven (57°C) for 30 min and deparaffinized with xylene for 2ϫ5 min, quickly rehydrated, and microwaved for 3ϫ5 min in 10 mmol/l citrate buffer to enhance antigen retrieval. The first antibody, monoclonal mouse anti-PCNA (Dako, San Francisco, CA, USA) was added (1:100), and the sections were incubated for 30 min at room temperature. The second antibody (goat anti-mouse immunoglobulin) was applied for 15 min at room temperature. Binding of the primary antibody was detected and visualized by using a Dako LSAB kit (Dako) with diaminobenzidine, according to the manufacturer's instructions. The sections were counterstained with haematoxylin. Control sections were stained without the first antibody.
Statistical analyses
Fischer's exact test was used for statistical analysis of the PCNA staining. All the other statistical analyses were performed using the χ 2 test. P Ͻ 0.05 was considered statistically significant.
Results
Human ovarian cortical tissue slices were cultured for 7 or 14 days on artificial extracellular matrix (Matrigel). The cultures were stimulated by insulin, IGF-I or IGF-II and thereafter analysed histologically.
In fresh tissue, the proportion of primordial follicles was 85%, and the rest (10-15%) were mostly at primary stage. Usually only a few (Ͻ5%) atretic follicles were seen. In 7-day cultures, no differences in the developmental stages of the follicles were observed after stimulation, compared with control cultures (data not shown), but the number of atretic follicles was increased significantly in both control (P Ͻ 0.01) and insulin-treated cultures (P Ͻ 0.01) as compared to the fresh tissue (Figure 1) .
After 14 days of culture, the proportion of atretic follicles Results were obtained from between seven and 15 independent experiment using a total of (A) 338 follicles from 15 patients or (B) 176 follicles from 15 patients.
in control cultures had increased extensively as compared to fresh (P Ͻ 0.001) or 7-day control cultures (P Ͻ 0.05). Insulin had a positive effect on the viability of the follicles; the proportion of atretic follicles was about half of that in the controls (Figure 1 , P Ͻ 0.001). A parallel although weaker effect was found with IGF-I and IGF-II (data not shown). In addition to the increase in the proportion of visible atretic follicles, the total number of follicles tended to decrease during the culture. Both insulin and IGFs increased the proportions of primary follicles during the 14-day culture period. There were significantly more primary follicles in IGF-I (50 ng/ml, P Ͻ 0.05) and IGF-II (20 ng/ml, P Ͻ 0.01) stimulated cultures than in control cultures (Figure 2 ). Also insulin (P Ͻ 0.001) and insulin ϩ IGF-II co-treatment (P Ͻ 0.01) significantly increased the proportion of primary follicles (Figure 3) . Similar results were obtained with insulin ϩ IGF-I co-treatment. However, due to the low number of follicles in these cultures, no statistical difference was seen (Figure 3) . In contrast to the increase in the proportion of primary follicles, the proportion of primordial follicles decreased significantly in cultures treated with IGF-I (50 ng/ml, P Ͻ 0.01), or with insulin ϩ IGF-II (P Ͻ 0.05; Figures 2 and 3) . Proportion of primordial and primary follicles in ovarian cortical tissue at the time of biopsy (start) and after 2 weeks in culture in the absence (control) or presence of insulin (33 ng/ml), insulin-like growth factor (IGF)-I (50 ng/ml) and insulin (33 ng/ml) or IGF-II (20 ng/ml) and insulin (33 ng/ml). The asterisks mark a significant difference in proportion of primordial or primary follicles between control and treated cultures (*P Ͻ 0.01, **P Ͻ 0.001). Results were obtained from between seven and 15 independent experiments using a total of 408 follicles from 17 patients. Note that only 20 follicles were found after stimulation with IGF-I and insulin, compared with 84 follicles with insulin and 102 follicles with IGF-II and insulin. The detection of PCNA protein expression was used to assess activation of the mitotic cell cycle of the granulosa cells of cultured follicles. No immunostaining was observed in fresh or cultured control tissue. In contrast, granulosa cells in several primary and secondary stage follicles showed positive staining for PCNA in 14-day IGF-I cultures (50 ng/ ml; P Ͻ 0.01; Table I ). One secondary follicle was stained in a 14-day culture stimulated by IGF-II (20 ng/ml; Figure 4) . Primordial follicles did not show positive staining in any of the cultures (Table I) .
Discussion
The present data indicates that insulin and insulin-like growth factors are able to regulate early human ovarian folliculogenesis in vitro. Insulin clearly improved the viability of the cultured follicles in 2 week cultures and increased the proportion of primary follicles. Similar effects were seen with IGF-I and IGF-II. IGF-I was also shown to induce expression of PCNA in the granulosa cells of primary follicles.
Insulin is widely used in different kinds of cell and tissue cultures to increase the viability of the cells. In addition to its well-known effects on glucose homeostasis, insulin also regulates various other intracellular processes such as amino acid transport, lipid metabolism, gene transcription and protein synthesis (Cheatham and Khan, 1995) . Insulin receptors are ubiquitously expressed in almost all mammalian tissues, including human ovaries, where its mRNA has been located in both stromal and follicular cells (El-Roeiy et al., 1993) . Recent studies have shown that a high concentration (10 µg/ml) of insulin may stimulate follicular growth in vitro . This is in line with the present results with a substantially lower concentration (33 ng/ml) of insulin and further confirms the possibility that insulin has a positive effect on human ovarian folliculogenesis. Our results also indicate that insulin significantly reduces the proportion of atretic follicles in 2 week cultures hence improving the overall viability of the cultured follicles. Whether the growth supporting effect of insulin is direct, or due to the increased viability of the follicles, remains to be elucidated.
In human ovaries, IGF-II mRNA and protein have been localized in theca cells of small antral follicles and in granulosa cells of dominant follicles (El Roeiy et al., 1993) . IGF-I receptor mRNA is expressed in granulosa cells of small antral and dominant follicles and by immunohistochemical methods, the protein has been detected in oocytes and granulosa cells of primordial and pre-antral human follicles (Qu et al., 2000) . IGF-I mRNA is localized in theca cells of small antral follicles (El Roeiy et al., 1993) but the expression of IGF-I protein in human follicles is controversial. IGF-1 protein has been localized to the theca cells (Hernandez et al., 1992) but this finding has not been confirmed by others (El Roeiy et al., 1993; Zhou and Bondy, 1993) .
IGF-I augments the effects of FSH on steroidogenesis in human granulosa and granulosa-luteal cells (Erickson et al., 1989) . Insulin and IGF-I promote the proliferation of cultured human theca cells (Duleba et al., 1998) . IGF-II may mediate the steroidogenic and growth promoting actions of FSH on human secondary follicles, as the production of oestradiol in granulosa cells is completely inhibited in the presence of IGF-II antagonist in cultured human preantral follicles (Yuan and Giudice, 1999) . In addition, FSH stimulates IGF-II mRNA expression in preantral follicles (Yuan and Giudice, 1999) .
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Insulin may also modulate IGF-II bioactivity. Preincubation with insulin enhances the action of IGF-II on steroidogenesis in human granulosa cells obtained from small and mid-sized antral follicles (Mason et al., 1994) .
In our studies, stimulation with IGFs significantly increased the proportion of primary follicles. The increase may have resulted from activation of the growth of primordial follicles. Alternatively, IGFs may have improved survival of the preexisting primary follicles. The proportion of atretic follicles increased during the culture, and the total number of follicles appeared to decrease as a result of apoptotic cell death. Treatment with IGFs may have supported the survival of activated follicles and hence increased their proportion. This would be in line with previous studies that have shown that IGF-I is able to suppress apoptotic DNA -fragmentation in cultured rat secondary follicles, acting as an antiatretic factor (Chun et al. 1994) .
Studies with murine ovaries have shown that IGF-I augments FSH receptor expression in granulosa cells. The lack of IGF-I bioactivity decreases the expression of FSH receptors, which in turn leads to imperfect late folliculogenesis (Zhou et al., 1997) . In human ovaries, FSH receptor mRNA is expressed as early as in primary follicles (Oktay et al., 1997) . Recently, it was shown that FSH acts as a survival factor for small human follicles . These results suggest that FSH might have effects on the development of human follicles earlier than has been previously thought. Our results indicate that IGFs may also be survival factors for early stage follicles. The effects of IGFs on the survival of follicles could be direct. It is also possible that IGFs augment the expression of FSH receptors in primary follicles and hence make them more receptive to FSH. The connection between the effects of IGFs and FSH on human early stage follicles was not examined in this study.
A clear PCNA immunostaining was detected in the granulosa cells of primary and secondary follicles in the IGF-I treated cultures. In contrast, no PCNA-positive granulosa cells were found in follicles of the control cultures. Thus, IGF-I appears to affect activation of the mitotic cell cycle of granulosa cells in vitro. Interestingly, only one PCNA-positive secondary follicle but no positive primary follicles was detected in IGF-II-stimulated cultures.
The results obtained with IGF-I and IGF-II were slightly different. The concentration of IGF-I needed for a significant increase in the number of primary follicles was higher than that of IGF-II. PCNA staining showed clear results with IGF-I but not with IGF-II, regardless of comparable effects on follicular development. A similar discrepancy in their bioactivities has been observed in human granulosa cells obtained from pre-ovulatory antral follicles. In these cells, IGF-I was shown to be more effective in stimulating steroidogenesis than IGF-II, although the receptor mediating their effects appeared to be the same (Willis et al., 1998) . Recent results indicate that IGF-II, but not IGF-I, is able to bind with high affinity to insulin receptor isoform A (IR-A) and activate its intracellular downstream signals (Frasca et al., 1999) . The IR-A isoform is produced from alternatively spliced IR mRNA and it is expressed at least in human muscle, adipocytes, placenta, lung, breast and colon (Moller et al., 1989; Frasca et al., 1999) . Expression of the IR-A isoform in human ovaries has not been studied, but its presence in ovaries could explain the divergence in our results obtained with IGF-I and IGF-II.
Previous studies have shown that IGFs are important mediators of the actions of gonadotrophins in secondary stage follicles and onward. Our results indicate that IGFs and insulin are also able to regulate the early development of human ovarian follicles. Whether they are involved in the actual activation of the primordial follicles or in the survival of activated follicles, remains to be elucidated.
